The aims of this study were to investigate in adolescents: 1) the relationships of physical activity (PA) and cardiorespiratory fitness (CRF) to traditional CVD risk factors, rest and recovery autonomic function; and 2) whether autonomic function strengthens the associations between PA, CRF and CVD risk. Fifty-four (22 girls) adolescents had traditional CVD risk factors, rest and recovery autonomic function evaluated. CRF was measured using a steep ramp cycle test and PA was assessed with accelerometers. Resting HRV (and RMSSD30) and heart rate recovery (T30, HHRτ) were used. Clustered traditional (CVDRtrad) and autonomic (CVDRauto) risk scores were created and added to form a composite clustered CVD risk score (CVDRcom). PA and CRF were significantly and negatively associated to traditional CVD risk factors. Moderate (MPA) and vigorous (VPA) were positively related to resting RMSSD, and negatively related to T30 and HHRτ (all P<0.05 
Introduction
The pathobiological process of atherosclerosis starts during childhood and is related to 'traditional' cardiovascular disease (CVD) risk factors such as blood lipids, blood pressure (BP) and body composition [3] . Physical activity (PA) and cardiorespiratory fitness (CRF) confer CVD risk reduction during childhood by modifying individual or clustered CVD risk factors [18] . However, in adults the summed improvements in traditional CVD risk factors accounts for ~ 60% of the reduction in CVD risk [24] , meaning there is a 40% 'risk factor gap' in the explanation of PA benefits [19] . The autonomic and arterial systems have been proposed as components of the risk factor gap and may be considered as 'novel' risk factors [19] . While arterial function has recently been added to a clustered score of traditional CVD risk factors in an attempt to improve the associations between PA and CVD risk in children [14] , the influence of autonomic function above traditional CVD risk factors is unknown.
Assessment of cardiac autonomic function by measuring rest and recovery HRV as well as heart rate recovery (HRR) provides distinct and complementary information [11] . While positive relationships between PA and CRF with resting HRV have been demonstrated in youth [9, 16, 27] , further understanding about the potential relationships of PA and CRF to cardiac autonomic function during recovery following exercise is needed. Similarly, the effects of PA intensity on HRV and HRR is not clear. In adolescents, one study reported positive effects for moderate to vigorous (MVPA) but not VPA [27] , whereas in another study with pre-adolescents, VPA but not MPA, presented stronger effects [9] . However, none of these studies measured cardiac autonomic recovery following exercise nor combined measures of cardiac autonomic function with traditional CVD risk factors.
The aims of this study were: 1) to investigate the relationship of PA intensity and CRF to traditional CVD risk factors, as well as novel CVD risk factors using measurements of autonomic function at rest and recovery; and 2) to investigate whether adding autonomic 
Methods

Participants
Participants were recruited from two secondary schools in the South West of England. The volunteers were informed about the study via an assembly and study information sheets were distributed. A flow diagram of the recruitment process with the final number of participants included in the study is presented in Figure 1 . Participant descriptive data are presented in Tables 1 and 2 . Exclusion criteria included an existing musculoskeletal injury, presence of cardiometabolic disease, taking medications, and showing any contraindications to exercise.
Before the study commenced, all participants and their parents/guardians provided written assent and consent, respectively. The study received ethics approval from the institutional
Ethics Committee (Ref No: 141022/B/07).
Study design
This is a cross-sectional study where participants completed three visits to a school-based laboratory over a one-week period as follows: Visit 1: Participants had stature, body mass, sitting height, and waist circumference (WC) measured followed by triceps and subscapular skinfolds assessment using standard procedures. Peak height velocity (PHV) was used as an indicator of somatic maturity [23] and participants were classified as pre (-1 year), circa (-1 to +1 year), or post (+1 year) PHV.
Body fat percentage (%BF) was obtained using validated age and sex-specific equations from skinfold measures [30] . Visit 2: Participants reported to the laboratory in a fasted state (>10 hours) and lay supine for 10-min. Resting heart rate was recorded followed by measurements of BP. Next, a fingertip capillary blood sample was collected to measure lipid profile and glucose concentration.
Visit 3: A cycle test to exhaustion was performed to determine CRF. Following exhaustion, participants sat for 10-min for assessment of HRR. At the end of this session, participants were given an accelerometer and instructed to wear the device for seven consecutive days for PA measurements.
Autonomic function
A 10-min resting period of heart rate measurements (Polar Team2, Kempele, Finland) obtained during the second visit was used to calculate HRV. Participants were asked to pace their breathing frequency at 12 cycles per minute using a metronome. Data were downloaded 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w Heart rate recovery after the cycle test was recorded (Polar Team2, Kempele, Finland) and downloaded for later analysis. The same procedures of error correction for the HRV data were applied. The time decay of the heart rate in the first 30 s (T 30 ) post exercise was measured as an index of vagal reactivation [17] . A single-exponential function was also used to model HRR during the 10 min period and the time constant (τ) was used as an indicator of the HRR. For this purpose, beat-by-beat heart rate was interpolated into 1 s. The HRRτ is known to be dependent of both parasympathetic reactivation and sympathetic withdrawal [8] .
During recovery, the RMSSD 30 was obtained by calculating RMSSD every 30 s throughout the full 10-min recovery period. RMSSD 30 was then transformed into a natural logarithm and a median filter was applied [15] . RMSSD 30 is known to reflect the time course of the vagal reactivation after exercise.
Traditional cardiovascular disease risk factors
Blood pressure was measured three times after the 10 min resting period (A&D Medical Co., LTD, Japan). The average of the two closest systolic and diastolic blood pressure values was retained for analysis and mean arterial pressure (MAP) calculated. The observed coefficient of variation between the measurements of systolic and diastolic BP were all <4%. Capillary blood samples were used to determine total cholesterol (TC), high-density lipoprotein (HDL), TAG and glucose (CardioChek ® PA, PTS Diagnostics, USA). All measurements were performed in duplicate and the average value retained for analysis. The observed %CV were 5.1, 5.7, 7.4 and 4.3% for TC, HDL, TAG and glucose, respectively.
Cardiorespiratory fitness
Peak oxygen uptake (peak VO 2 ) was estimated using a validated steep ramp test performed on an electromagnetic brake cycle ergometer (Lode, The Netherlands) [6] . After three minutes of warm-up at 25 W, participants started the test, which consisted of a predetermined increment in work-rate per minute. The work-rate increments were chosen according to obtained from log-linear regression to allometrically scale CRF for body mass.
Physical activity
Habitual PA was measured using a wrist-worn accelerometer (GENEAciv, Activinsights Ltd, UK). The device was set to record the activities for seven consecutive days at a frequency of 100 Hz starting in the morning following the third visit. Participants were instructed to wear the device on their non-dominant wrist, including during sleeping hours and water activities.
The device was then retrieved and the raw acceleration data transformed into epochs of 60s using specific software. The 60 s epoch files were then used to calculate the time spent performing sedentary time (ST) and light (LPA), moderate (MPA) and vigorous (VPA) PA using validated cut-off points [26] . Participants were included in the final analysis with a minimum of three days with >12 h per day of wear time [28] .
Statistical analyses
All data are presented as mean and SD unless otherwise stated. Normality of distribution was checked using Shapiro Wilk's test and skewed data were transformed prior to analysis. A clustered traditional CVD risk score (CVDR trad ) was calculated as the sum of the following This is in accordance with a recent study that has included novel CVD risk factors into a composite CVD risk score [14] . In order to test the effects of PA intensities and CRF on the time course of parasympathetic reactivation as measured by the RMSSD 30 , participants were divided into groups below and above the sex-specific median split for PA intensities and CRF. Median splits were chosen aiming to create equal sample sizes between the CRF groups as well as no thresholds are available in the literature for the allometric scaled CRF used in the present investigation.
Repeated measures ANCOVA controlling for sex and maturation were used to examine a 
Results
Traditional CVD risk factors
Regression coefficients for PA intensities, ST, CRF and traditional CVD risk factors after adjusting for sex and maturation are presented in Table 3 . ST and LPA were not significantly associated to any of the traditional CVD risk factors. By contrast, MPA was significantly and negatively associated to BMI, %BF, WC and MAP. VPA was significantly and negatively associated to %BF. Both ratio and allometric scaled CRF were significantly and negatively associated to BMI, %BF and WC. However, the associations between allometric scaled CRF and the body composition variables were weaker compared to the ratio scaled CRF.
Non-traditional CVD risk factors
Regression coefficients for the PA intensities, CRF and non-traditional risk factors after adjusting for sex and maturation are presented in Table 3 . ST, LPA and CRF (ratio standard and allometrically scaled) were not significantly related to any of the rest or recovery autonomic indices. Both MPA and VPA were significantly and positively related to RMSSD and significantly and negatively related to HRRτ and T 30 . The time course of parasympathetic reactivation using the RMSSD 30 is presented in Figure 2 . There was no group (below vs. 
Clustered CVD risk scores
Regression coefficients for the PA intensities, CRF and the CVD risk scores after adjusting for sex and maturation are presented in Table 3 . ST time and LPA were not significantly 
Discussion
The key findings of the present investigation were: 1) MPA and VPA were related to traditional CVD risk factors, as well as rest and recovery autonomic function, 2) Girls and boys preforming VPA above the median split presented faster RMSSD 30 ; 3) MPA and VPA were strongly and negatively related to CVD risk when rest and recovery autonomic indices were added to the traditional CVDR score; and 4) CRF was only significantly and negatively related to traditional CVD risk score, however, when allometrically scaled the significant relationship disappeared.
In the current investigation, ST and LPA were not significantly related to the health outcomes which corroborates with previous literature [13] , and supports the focus of current PA guidelines on time spent performing MVPA to promote CVD health in adolescents. Both MPA and VPA were negatively associated to %BF highlighting the benefits of PA on CVD risk via lower body composition scores. Although these observations are in accordance with the literature [18] , causality cannot be inferred as increased %BF may lead to reduced MPA and VPA [22] . The lack of significant associations between PA intensities and blood lipids is in accordance with the literature [12] . Importantly, in adolescents with favourable lipoprotein profile, body composition have been associated to CVD risk [21] . Altogether, our present Interestingly, when CRF was allometrically scaled the positive association between CRF and RMSSD approached significance (P=0.06). As allometric models are superior in controlling for the effect of body size on CRF, this indicates that body size has a confounding effect on the CRF-HRV associations when using the ratio standard method and needs further investigation.
A novel finding in the current study is the significant and negative associations of HRRτ and T 30 to MPA and VPA. These observations show that MPA and VPA are related to neural control of vagal modulation (measured by resting HRV), as well as vagal tonus in adolescents
[11]. The group above the median split of VPA, which equated to 2 and 12 min per day for girls and boys respectively, presented faster RMSSD 30 with no observed differences between the MPA and CRF groups (see Figure 2) . This is the first study to investigate the effects of PA intensity and CRF on parasympathetic reactivation throughout 10 min of recovery. In contrast to MPA and VPA, CRF, LPA and ST had no significant associations with HRR and Possible explanations for the observed associations are the hemodynamic and hormonal alterations occurring during and after VPA. These alterations may be related to an increased catecholamine response, increased cardiac output, redistribution of blood flow to skin and muscles, and the higher demand on the respiratory muscles amongst others, posing important stresses on the autonomic and cardiovascular systems.
Further to the traditional and non-traditional CVD risk factors, a traditional CVD risk score (CVDR trad ) as it is known to differentiate CVD risk in children was used [1]. The observed MPA but not VPA relationship possibly reflects the observed association of MPA to BP which was not found for VPA. Similarly, CRF was negatively and significantly related to CVDR trad , which is in line with evidence of associations between CVD profile and CRF in youth [29] . However, when CFR was expressed using an allometric model, the observed significance of the relationship disappeared. This observation shows that scaling for body size has an important influence on the CRF-CVDR trad association, which is not typically accounted for in the literature [29] . Future studies should account for the confounding effects of body size in youth because CRF normalized by body mass, using a ratio standard approach, might reflect differences in body size occurring during adolescence rather than the 'true' CRF score.
A recent study has included endothelial function into a CVD risk score in children and examined the associations between MPA, VPA and this new composite CVD score [14] . The authors did not present the changes in the PA relationships to the risk score after the inclusion of endothelial function to the composite risk score so additional explanation could not be Some limitations must be considered when interpreting the current findings. For instance, the possible influence of the menstrual cycle in females was not possible to be taken into consideration. Specific types of sedentary behaviours (e.g. TV viewing) were not examined in the current study and the 60 s epoch used for the PA analyses may have underestimated the PA status of the participants. Additionally, the participants were recruited using a convenience sample and therefore sample bias might be present and the maturation measure applied might have misclassified some of the participants. Finally, the cross-sectional design limits causality between the observed associations.
Conclusions
This is the first study to examine the associations of PA intensities and CRF to cardiac autonomic function together with traditional CVD risk factors in this population.
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